INTRODUCTION
Ubiquitin-dependent proteolysis is a crucial substrateselective protein degradation pathway in eukaryotes (Ciechanover et al., 1980; Hershko and Ciechanover, 1982) . The substrate selectivity is dependent on E3 ubiquitin ligases, which mediate modification of ubiquitin to specific protein targets (Varshavsky, 1997; Mazzucotelli et al., 2006; Mukhopadhyay and Riezman, 2007) . In plants, the SCF (SKP1-CUL1-F-box protein) complexes are one class of the well characterized E3 ubiquitin ligases, which are composed of four protein components, a CULLIN, RBX/ROC, SKP and specific F-box protein (Mazzucotelli et al., 2006; Lee and Kim, 2011) . F-box proteins that bind the SKP1 protein through a direct interaction via the F-box motif, selectively bind target proteins for ubiquitination, thus playing a role in substrate selection in ubiquitin-dependent proteolysis (Bai et al., 1996; Gagne et al., 2002) .
In Arabidopsis, almost 700 F-box proteins constitute the F-box protein superfamily, members of which are involved in photomorphogenesis (Buche et al., 2000; Harmon and Kay, 2003; Marrocco et al., 2006) , circadian clock control (Kim et al., 2007; Suetsugu and Wada, 2013) , organ development (Zhao et al., 1999 (Zhao et al., , 2001 , self-incompatibility (Qiao et al., 2004) , cell cycle (Jurado et al., 2010) and plant hormone signaling (Yu et al., 2007; Stone, 2014) . In the phytohormone responses, many F-box proteins function as receptors or important signaling components (Shan et al., 2012) . The Arabidopsis F-box protein TRANSPORT INHIBI-TOR RESPONSE 1 (AtTIR1) has been demonstrated to directly bind with auxin in vivo and functions as an auxin co-receptor with the Aux/IAA repressor proteins, which regulate many aspects of plant growth and development (Dharmasiri et al., 2005; Kepinski and Leyser, 2005; Calderon et al., 2012) . CORONATINE INSENSITIVE1 (COI1), another important member of the Arabidopsis F-box protein family, is a jasmonate receptor and indispensable for plant development and defense (Xie et al., 1998; Yan et al., 2009; Sheard et al., 2010) . SLEEPY1 (SLY1), which forms SCF SLY1 with ASK1 (Arabidopsis SKP1-like1) and Cullin1 protein, targets the repressor DELLA for ubiquitin-dependent degradation, thereby promoting a wide variety of developmental processes in Arabidopsis ranging from seed germination, root and shoot elongation to flowering and fruit patterning (McGinnis et al., 2003; Dill et al., 2004) . The Arabidopsis F-box proteins EBF1/2 (EIN3-binding Fbox protein 1/2) regulate ethylene responses by modulate the abundance of EIN3/EIL1 substrate protein (Guo and Ecker, 2003; Potuschak et al., 2003) . However, despite their significance, F-box proteins are often hard to express with high efficiency, which hinders in-depth studies.
To establish a convenient method to express and purify plant F-box proteins, we investigated their expression characteristics in a baculovirus-insect cell expression system, and found that ASK1 could effectively improve the expression of various F-box proteins including COI1, TIR1, SLY1 and EBF1. Further analysis of COI1 expression showed that the ASK1 protein is essential to maintain the bioactivity of F-box proteins, and different ASK proteins have differential effects on its expression. Based on these findings, we established a combined chromatographic procedure for F-box protein purification, which is comprised of Ni-NTA affinity chromatography, anion exchange chromatography and size exclusion chromatography. Using this method, we could efficiently obtain 1 mg of Arabidopsis COI1 protein (AtCOI1) with a purity of 95% from 1 L of insect cell culture, as well as the high yields of other F-box proteins such as TIR1, SLY1 and the COI1 homologs.
RESULTS

ASK1 improves the soluble expression of recombinant F-box proteins
To establish an efficient and feasible method for F-box protein expression, we investigated the expression of different F-box proteins using the baculovirus-insect cell expression system, which is able to better promote proper protein folding and accommodate the co-expression of multiple genes (Berger et al., 2004; Kost et al., 2005; Van Oers et al., 2015) . Three F-box proteins, including Arabidopsis COI1, TIR1 and SLY1, were expressed in Sf9 insect cells by using baculoviruses for transfection. After cell harvesting and lysis, the expression of F-box proteins was analyzed by immunoblotting. All three Fbox proteins could be detected in total cell lysates (Figure 1a) , showing that the baculovirus-insect cell expression system could potentially express plant F-box proteins. However, the significant differences in the expression levels of these F-box proteins suggested that the insect cell expression system was variable in terms of its ability to express different F-box proteins. Moreover, only a very small amount of target proteins were detected in the supernatant of cell lysates and many of them were found in the precipitate fraction (Figure 1a) , indicating that the majority of the expressed proteins were insoluble.
To increase the solubility of the F-box proteins, we focused on AtCOI1 that had the lowest yield in total protein. Given that our previous study had found that the COI1-interacting protein ASK1, but not its substrate JAZ1 protein, could promote the expression of COI1 in yeast cells (Yan et al., 2013) , we examined whether ASK1 or AtJAZ1 could improve its expression in insect cells.
As shown in Figure 1(b) , when the AtCOI1 baculovirus was co-transfected with the ASK1 baculovirus in insect cells, the COI1 protein with high-expression level was able to be detected in the supernatant fraction of the insect cell lysates. However, the co-transfection of AtJAZ1 baculovirus barely increased COI1 levels in the supernatant, both with or without additional coronatine (COR, a jasmonate agonist) (Figure 1b) , showing that ASK1, but not AtJAZ1, significantly promoted the expression of AtCOI1 soluble proteins. The result is consistent with the ASK1/ JAZ1 co-expression of COI1 in yeast cells (Yan et al., 2013) . Similarly, the co-transfection of the ASK1 baculovirus is able to increase the soluble expression of AtCOI1 homologous (SlCOI1, OsCOI1 and HbCOI1) and other ASK1-interacting F-box proteins (TIR1, SLY1 and EBF1) (Guo and Ecker, 2003; Potuschak et al., 2003; Fu et al., 2004; Tan et al., 2007; Lee et al., 2013) (Figure 1c,d ), which suggested that the co-expression of ASK1 was crucial for expressing plant F-box proteins in insect cells.
ASK1 is essential for maintaining the bioactivity of plant F-box proteins
To further investigate the influence of ASK1 on the bioactivity of F-box proteins, we representatively purified AtCOI1 in the insect cell system co-expressed with or without ASK1 for in vitro pull-down assay to determine whether the AtCOI1 could recognize COR and physically interact with its substrate AtJAZ1. The results showed that the AtCOI1 protein expressed alone (e.g. without ASK1 coexpression) was unable to interact with the AtJAZ1 protein regardless of the presence of COR (Figure 2 ). In contrast, the AtCOI1 proteins co-expressed with ASK1 could clearly interact with JAZ1 in a COR-dependent manner ( Figure 2 ). These results suggest that ASK1 is needed for maintaining the activity of F-box proteins.
The effects of ASK proteins on F-box protein expression are related to physical interactions with corresponding F-box proteins
The yeast two-hybrid assay showed that the strongest interactions with AtCOI1 were observed for ASK1 and ASK2, followed by ASK11, ASK13 and ASK4, while the remaining nine ASK proteins were unable to interact with AtCOI1 ( Figure 3a) . Intriguingly, we found that the insect cell expression of AtCOI1 was clearly improved by co-expression with ASK2, ASK4, ASK11 and ASK13, in addition to ASK1 (Figure 3b ). Of these, the expression of AtCOI1 was strongly promoted by both ASK1 and ASK2, but weakly by ASK4. The activities of ASK11 and ASK13 in promoting AtCOI1 expression lay between that of ASK1/2 and ASK4 ( Figure 3b ). These results showed that the effect of different ASK proteins in promoting F-box protein expression was directly related to their interaction strength and suggested that ASK family members exerted their effects on the heterogeneous expression of plant F-box proteins by physically interacting with their cognate F-box protein binding partners. It is worth to note that different expression levels among ASKs have no obvious influence on their promotion of AtCOI1 expression: for instance, AtCOI1 expression was strongly promoted by moderate expression of ASK1 (that strongly interacts with AtCOI1), but not by the highly expressed ASK5/7/17/18/19 (which are unable to bind AtCOI1) (Figure 3b ). 
Efficient purification of plant F-box proteins
To establish an efficient and economically viable purification method for plant F-box proteins, we compared the effectiveness of Ni-NTA affinity and anti-Flag immunoaffinity chromatography in facilitating F-box protein purification using the AtCOI1 protein fused with a His-Flag binary tag (HF-COI1).
The supernatants from the cell lysates containing the expressed HF-COI1 proteins were incubated with equal amounts of Ni-NTA and anti-Flag affinity media. After washing, the HF-COI1 proteins bound with the affinity media were eluted with imidazole or Flag peptide and subjected to SDS-PAGE. We found that the purified COI1 proteins from both methods exhibited the comparable and high bioactivity (Figure 4a) . However, the Ni-NTA affinity media showed a significantly higher COI1 yield than the anti-Flag media (Figure 4b ), which suggests that Ni-NTA affinity chromatography is more suitable for F-box protein purification.
Furthermore, we first loaded the supernatants from the cell lysates onto a Ni Sepharose gravity column and collected the eluate using 250 mM imidazole. Subsequently, the eluate was loaded onto a HiTrap Q column for anion exchange chromatography. We found that HF-COI1 and ASK1 could be eluted simultaneously in 300-400 mM NaCl because of their strong interaction (Figure 4c ). Purity analysis showed that the purity of the COI1-ASK1 complex approached 85%, which was~10% higher than that of the COI1 purity using Ni-affinity chromatography alone.
Next, we pooled together fraction numbers 4-6 from the Q column and loaded them onto a Superdex 200 column for gel filtration chromatography. As shown in Figure 4(d) , the COI1-ASK1 complexes eluted in fraction numbers 3-8 with the peak apex in approximately the fifth collection tube. Purity analysis showed that this purification step resulted in a final purity level of approximately 95%.
In summary, by combining three kinds of chromatography, HF-COI1 proteins can be purified efficiently, and the yield of the purified proteins approaches milligram levels (Table 1) . Moreover, other F-box proteins could also be isolated to high purity using the same method (Table 2) .
DISCUSSION
Previous studies have indicated that some F-box proteins can be expressed in the presence of SKP1 protein (Kepinski and Leyser, 2005; Li et al., 2005; Sheard et al., 2010; Yoshida et al., 2011; Li et al., 2016; Yan et al., 2016; (b) Transfected cells (100 ml) in which COI1 was co-expressed with ASK1 were lysed, and the supernatants from whole cells were used for affinity purification using an anti-Flag antibody column (Flag) or Ni-NTA sepharose (Ni). SP represents the supernatants of whole-cell lysates, and PF represents proteins after purification.
(c) The eluate of COI1 protein purified with Ni-NTA sepharose from 2 L of cell culture was concentrated to 2 ml and subsequently subjected to anion exchange chromatography with the HiTrap Q column. Fractions 1 to 9 were collected and examined by SDS-PAGE. (d) Fractions 4 to 9 from anion exchange chromatography were pooled and concentrated to 0.5 mL. Subsequently, the concentrated sample was used for size exclusion chromatography on a Superdex 200 column. Fractions 1 to 9 were collected and examined by SDS-PAGE. [Color figure can be viewed at wileyonlinelibrary.com] , 2016, 2017) , but the mechanism by which SKP1 protein affects plant F-box protein expression is still not clear. Here, we found that ASK1 can significantly increase both the solubility and bioactivity of recombinant COI1 proteins during insect cell expression and purification (Figures 1b and 2 ). Together with our previous observation that AtCOI1 was stabilized by SCF COI1 and highly unstable in ASK1 deficiency mutants (Yan et al., 2013) , these results suggest that the ASK1 protein not only protects AtCOI1 from being degraded in vivo but also stabilizes the native structure of COI1 enabling substrate recognition. Moreover, we found that different members of the ASK family enhance the solubility of the AtCOI1 protein to different degrees (Figure 3) , indicating that promotion of Fbox protein expression by different ASK proteins was directly related to their interaction strength. Since ASK1 is able to interact with the COI1 homologs from different plant species (Figure 1) , and other F-box proteins including SLY1, EBF1 and TIR1 ( Figure 1 and Table 2 ), expression of these F-box proteins are also efficiently elevated by coexpression of ASK1 in insect cell system. ASK1 was found to interact with nearly 70 F-box proteins (Kuroda et al., 2012) . It is also expected that each Fbox protein in the SCF E3 ligase would interact with at least one ASK protein. Therefore, the ASK proteins can serve as an expression partner to enhance the yield and bioactivity of F-box proteins, which would contribute to the study on the protein function of ASK-interacting F-box proteins.
EXPERIMENTAL PROCEDURE Recombinant protein expression by baculovirus-insect cell expression systems
The full-length coding sequences of ASK1 and F-box protein genes from Arabidopsis fused with a Flag tag (GAT TAC AAA GAT GAT GAT GAT AAA) at the amino-terminus were cloned into vectors pFastBac and pFastBac-HTB (Life Technologies, 10712-024), respectively. The primers for constructing these vectors are shown in Table S1 . The vectors were transformed into DH10Bac competent cell and further to be transposed into the bacmid. Blue/white selection and polymerase chain reaction (PCR) were used to identify colonies containing the recombinant bacmid. The recombinant bacmid was transfected into Sf9 insect cells using Cellfectin II Reagent (Life Technologies, 10362-100) according to the manufacturer's instructions. The isolated P1 recombinant baculovirus was further amplified to generate P2 and P3 stocks. P3 recombinant baculoviruses were added to the cultured Sf9 cells (with a density of 1.5 to 2.5 9 10 6 cells ml À1 ) at a volume ratio of 1.5:100. Cells were collected after another 48-60 h of cultivation at 27°C and 110 rpm in Nalgene conical flasks.
Purification of recombinant proteins in small quantities
The insect cells that expressed recombinant proteins were suspended in lysis buffer (20 mM Tris, pH 8.0, containing 150 mM NaCl) and sonicated for 20 min (300 W). The cell lysates were centrifuged at 16 000 g for 60 min at 4°C. The supernatants were incubated with 100 ll Ni Sepharose (GE Healthcare, 17-5318-02) in 1.5 ml tubes at 4°C for 30 min in a shaking incubator. After washing 6-8 times with 1 ml of Ni wash buffer (20 mM Tris, pH 8.0, containing 150 mM NaCl and 20 mM imidazole), the bound proteins were eluted in 1 ml of Ni elution buffer (20 mM Tris, pH 8.0, containing 150 mM NaCl and 250 mM imidazole). For purifying the COI1 protein expressed with Flag tag, the proteins were enriched using anti-Flag affinity gel (Sigma, M8823). The gel was subsequently washed with 1 ml Flag wash buffer (20 mM Tris, pH 8.0, containing 150 mM NaCl) 6-8 times. The bound proteins were further eluted with 1 ml Flag elution buffer (20 mM Tris, pH 8.0, containing 150 mM NaCl and 20 lg ml À1 Flag peptide). The eluted protein was subjected to SDS-PAGE, transferred to a polyvinylidene difluoride (PVDF) membrane, and immunoblotted with anti-Flag antibody (Abmart, M20008).
Purification of recombinant proteins in large quantities
Supernatants from cell lysates prepared using 4 9 10 9 cells (20 ml) were loaded into a gravity column (Bio-Rad, 732-1010) filled with 2 ml Ni resin three times. Each time, after washing 3-5 times with 20 ml of Ni wash buffer (20 mM Tris, pH 8.0, containing 150 mM NaCl and 20 mM imidazole), the bound proteins were eluted in 15 ml of Ni elution buffer (20 mM Tris, pH 8.0, containing 150 mM NaCl and 250 mM imidazole). The eluate was concentrated to 2 ml and then loaded onto a HiTrap Q column (GE Healthcare, 17-0407-03) for anion exchange chromatography (equilibration buffer: 20 mM Tris, pH 8.0; elution buffer: 20 mM Tris, pH 8.0, containing 1 M NaCl). The elution peaks from the Q column were concentrated to 0.5 ml and loaded onto a Superdex 200 column (GE Healthcare, 17-5175-01) for size exclusion chromatography (S200 buffer: 10 mM HEPES, pH 7.4, containing 150 mM NaCl). The fractions containing COI1 protein were collected and constituted the purified protein. The yield of COI1 protein can be further increased by increasing the volumes of cell lysate and chromatography medium.
Pull-down assay
Pull-down assay was employed to test the bioactivity of the purified AtCOI1 as described in previous study (Yan et al., 2009) . MBP-JAZ1-His was expressed and purified from Escherichia coli (BL21) by Ni-affinity chromatography. MBP-JAZ1-His protein (100 lg) was incubated with 5 lg of purified AtCOI1 for 1.5 h at 4°C with or without 1 lM COR. Pull-down mixtures were subjected to SDS-PAGE and immunoblotted with anti-Flag antibody. 
Yeast two-hybrid assay
The COI1 and ASKs coding sequences were amplified by high fidelity PCR and cloned into the pB42AD or pLexA vectors, respectively. Yeast two-hybrid assay was performed according the manufacturer's instructions (Clontech). The SKY48 yeast strain was cotransformed with indicated constructs and grown on SD/-His/-Trp/-Ura solid medium plates. The yeast colonies were grown in liquid medium overnight, harvested by centrifugation and resuspended in distilled water to OD 600 = 1; 10 ll of this suspension were added into 96-well plates containing the induction solid medium (SD/Gal/Raf/X-gal/-Ura/-His/Trp/-Leu). After incubation under dark at 30°C for 1 to 2 days, photographs were taken for each plate. The primers for making related constructs are shown in Table S1 .
ACCESSION NUMBERS
Sequence data can be obtained in The Arabidopsis Information Resource (TAIR) database under the accession numbers as follows: COI1 (AT2G39440), TIR1 (AT3G62980), SLY1 (AT4G24210), EBF1 (AT2G25490), ASK1 (AT1G75950), ASK2 (AT5G42190), ASK4 (AT1G20140), ASK5 (AT3G60020), ASK7 (AT3G21840), ASK8 (AT3G21830), ASK10 (AT3G21860), ASK11 (AT4G34210), ASK13 (AT3G60010), ASK14 (AT2G03170), ASK16 (AT2G03190), ASK17 (AT2G20160), ASK18 (AT1G10230), ASK19 (AT2G03160), JAZ1 (AT1G19180). Other sequence data can be found in the National Center for Biotechnology Information (NCBI) database with the following accession numbers: OsCOI1a (Os01g63420), HbCOI1 (ABV7393.1), SlCOI1 (AY423550).
